Pseudomonas is a large and diverse genus of Gammaproteobacteria. To provide a framework for discovery of evolutionary and taxonomic relationships of these bacteria, we compared the genomes of type strains of 163 species and 3 additional subspecies of Pseudomonas, including 118 genomes sequenced herein. A maximum likelihood phylogeny of the 166 type strains based on protein sequences of 100 single-copy orthologous genes revealed thirteen groups of Pseudomonas, composed of two to sixty three species each. Pairwise average nucleotide identities and alignment fractions were calculated for the data set of the 166 type strains and 1224 genomes of Pseudomonas available in public databases. Results revealed that 394 of the 1224 genomes were distinct from any type strain, suggesting that the type strains represent only a fraction of the genomic diversity of the genus. The core genome of Pseudomonas was determined to contain 794 genes conferring primarily housekeeping functions. The results of this study provide a phylogenetic framework for future studies aiming to resolve the classification and phylogenetic relationships, identify new gene functions and phenotypes, and explore the ecological and metabolic potential of the Pseudomonas spp.
Introduction
Pseudomonas is a large and diverse genus within the Gammaproteobacteria known for its ubiquity in the environment and importance in environmental processes (Ramos, 2004a (Ramos, , 2004b Ramos and Filloux, 2007; Cornelis, 2008) . These bacteria exhibit varied life styles in a wide range of environments, including soil, water, plants and animals. They are well known for their capacities to utilize a striking variety of organic compounds as energy sources (Lessie and Phibbs, 1984) , resistance to a wide range of medically and agriculturally important antimicrobial compounds (Breidenstein et al., 2011) and production of a large and diverse array of biologically active secondary metabolites (Gross and Loper, 2009) . Certain species cause diseases of plants, fungi, fish, insects and other animals. Due to their roles in bioremediation, biological control, diseases of plants and animals, and many other environmental processes, the metabolic capacities and ecological functions of these bacteria have been widely studied. In fact, members of this group are among the most significant model organisms in environmental microbiology (Ramos and Filloux, 2007) . As the use of metagenomic and other community analysis approaches has accelerated in recent years, Pseudomonas spp. have continually been identified as key components of microbial communities associated with diverse environmental substrates (Mendes et al., 2011; Berendsen et al., 2012; Shah et al., 2013; Gwon et al., 2014; Joshi et al., 2014) . Therefore, the recognized importance of this group of bacteria has endured as the field of environmental microbiology has expanded from a culture-based discipline to one that is also culture independent.
There are currently more than 180 validly named species of Pseudomonas recognized in the 'List of Prokaryotic Names with Standing in Nomenclature' (Euz eby, 2014) . Each of these species has a type strain to which the scientific name is assigned formally under the rules of prokaryotic nomenclature (Parker et al., 2015) . Historically, Pseudomonas spp. were classified based on catabolic profiles as well as other biochemical, physiological and nutritional characters (Stanier et al., 1966) . This approach resulted in a subdivision of the genus into a number of species and species groups defined by phenotypic criteria. In the 1970s, rRNA-DNA hybridization experiments showed that the genus Pseudomonas, as classically defined, consisted of numerous genera that were separated into five rRNA homology groups (Palleroni et al., 1973) . The rRNA group I retained the genus name Pseudomonas (Palleroni, 2003) . More recently, type strains for named species have been compared by multilocus sequence analysis (MLSA), based on sequences of 16S rRNA and other housekeeping genes (typically four to eight genes), which has been enormously useful in inferring the phylogeny of the genus (Yamamoto et al., 2000; Mulet et al., 2010; Gomila et al., 2015; Garrido-Sanz et al., 2016) . Based on MLSA of type strains, species of Pseudomonas are organized into 11-13 groups (Mulet et al., 2010; Gomila et al., 2015; GarridoSanz et al., 2016) . The largest group, the Pseudomonas fluorescens group, is divided further into eight or nine subgroups (Mulet et al., 2010; Gomila et al., 2015; GarridoSanz et al., 2016) .
With the development of next-generation high throughput sequencing technologies, analysis of whole-genome sequences of type strains has provided a valuable framework for inferring evolutionary and taxonomic relationships in bacteriology (Kyrpides et al., 2013) . However, genome sequences for only a subset of the type strains for Pseudomonas species are available currently. An objective of this study was to provide draft genomic sequences for 115 type strains of Pseudomonas species and three additional type strains for subspecies. Through analysis of these new sequences along with the genomic sequences of type strains that are already publicly available, we provide a phylogenic and taxonomic framework for the genus. This phylogeny is based on an expanded set of single-copy orthologous gene sequences. On this phylogeny, we mapped the presence of reference genes for the production of pyoverdines, a class of pigmented, UV-fluorescent, iron-binding compounds that have served as taxonomic traits in classification of Pseudomonas spp. (Meyer, 2010) . Furthermore, from 1224 additional genomes of Pseudomonas spp. that are currently available in public databases, we selected 189 genomes that, along with the 166 type strains, represent the currently known genomic diversity of the genus. Phylogenomic analysis of the expanded set of genomes demonstrated that the currently sequenced type strains representing named species do not fully represent the phylogenetic diversity of Pseudomonas spp. In this report, we provide an expanded set of reference genomes for comparative and metagenomic analysis, improved taxonomic placement of type strains and a general overview of the core genome for this important group of bacteria.
Results and discussion

Genomic characteristics of type strains
Genomic sequences of 118 type strains of Pseudomonas species or subspecies were generated using the Illumina HiSeq 2500-1TB or PacBio RS or PacBio RS II PacBio platforms. For the 48 genomes sequenced on the Illumina HiSeq 2500-1TB, assemblies varied between 10 and 118 scaffolds, with an average of 42 scaffolds (Supporting Information Table S1 ). For the 70 genomes sequenced on the PacBio RS or RS II platforms, assemblies varied between one and nine scaffolds. 49 of the 70 genomes sequenced on one of the PacBio platforms assembled into a single scaffold.
The genomes of 118 type strains sequenced in this study were compared to publicly available genomes of type strains for an additional 48 species. The 166 type strains (Table 1) were originally isolated from a wide spectrum of environmental and industrial substrates or from plant or animal hosts around the world (Peix et al., 2003; Peix et al., 2018) . The sequence data highlights the tremendous genomic diversity of the genus. Genome sizes vary from 3.03 Mbp (P. caeni) to 7.38 Mbp (P. saponiphila) with an average of 5.63 Mbp among the 166 type strains. Numbers of predicted coding sequences (CDSs) vary from 2877 (P. caeni) to 7113 (P. saponiphila), with an average of 5261. GC content varies from 48% (P. caeni) to 68% (P. guangdongensis, P. delhiensis and P. citronellolis), with an average of 61.2%. Both GC content and genome size vary among the phylogenetic groupings. For example, genomes in the P. pertucinogena group are relatively small (averaging 3.77 Mb) whereas those in the P. fluorescens group are relatively large (average 6.36 Mb) (Fig. 1) . Genomes in the P. aeruginosa group have a high GC content (averaging 66.6%) relative to those in the P. syringae group (averaging 58.4%).
P. caeni is an unusual Pseudomonas species, having the smallest genome with a GC content lower by 6% than any other species in this study. The type strain of P. caeni is a free-living bacterium, isolated from the sludge of an anaerobic ammonium-oxidizing bioreactor, and capable of growth on a number of standard culture media (Xiao et al., 2009) . The smallest bacterial genomes described to date are host-restricted symbionts and pathogens, but freeliving prokaryotes having only 800 genes are known, and diverse lineages of free-living bacteria have genomes with as few as 1200 genes (Martínez-Cano et al., 2015) . At 3.03 Mb with 2877 predicted genes, the genome of P. caeni fits within the genomic size range for free-living bacteria described to date. Inspection of the P. caeni genome revealed a relatively uniform GC content throughout. The lack of localized low-GC regions in these genomes suggests that differences in GC content are not the result of horizontal gene transfer (HGT) from low-GC organisms or transpositions of low-GC genes or plasmids into a genome with a GC content typical of other Pseudomonas species. Instead, the 794 protein-coding genes that are conserved in all Pseudomonas spp. (i.e., the core genome described below) have a low GC content (49.5%) in P. caeni, which is similar to the genome-wide GC content (48.3%). These data suggest a genome-wide alteration in GC content along with genome reduction in the evolution of P. caeni. Two genera of free-living bacteria related to P. caeni also have small genomes: Oblitimonas (Drobish et al., 2016) and Thiopseudomonas (Tan et al., 2015) . Like P. caeni, strains of Oblitimonas alkaliphila have small genomes (2.2-2.5 Mb) and with average GC content of 47%-48%. The single genome of a Thiopseudomonas sp. available currently is 2.8 Mb with an average GC of 59%. There are several proposed mechanisms to account for genome reduction accompanied by reduced genomic GC content in the evolution free-living prokaryotes (Martínez-Cano et al., 2015) , and P. caeni may provide an excellent subject for testing these hypotheses of microbial evolution in the future. Outside of P. caeni, there is no general correlation between GC content and genome size of the 166 type strains of Pseudomonas (Fig. 1) . This result contrasts to those from studies evaluating genomes representing a range of bacterial phyla, which have reported a correlation between GC content and genome size (Nishida, 2012) . Differences in GC content among bacterial species have been attributed to the presence of error-prone polymerases and mutator genes (Wu et al., 2012) . Cursory analysis of type strain genomes indicated that all species contain similar polymerase repertoires and intact genes with predicted mutator functions (mutY, mutM and mutT from P. aeruginosa). Further study is required to elucidate the mechanisms behind GC-content variation among the Pseudomonas lineages.
The whole genome phylogeny of type strains of Pseudomonas Well-supported clades identified thirteen groups of Pseudomonas, composed of two to sixty three species each (Fig. 2) . Twelve of these thirteen groups were identified previously by MLSA (Gomila et al., 2015; GarridoSanz et al., 2016) . A new group, the P. linyingensis group, was identified based on the strong bootstrap values and branch length separating it from neighboring clades. 157 of the 166 strains are in a well-supported clades that included at least one other type strain, but nine type strains could not be placed in a group based on these criteria (Supporting Information Table S2 ). In general, the tree inferred through phylogenomic analysis was similar in topology to trees inferred previously based on MLSA (Gomila et al., 2015; Garrido-Sanz et al., 2016) . Thirty-four strains evaluated here were not included in either of the earlier MLSA studies and 30 of these strains were assigned to a group using the phylogenomic approach. The genetic distances separating species within a group vary, with some groups, such as P. pertucinogena, represented by deeply branched nodes with considerable divergence among taxa, and others, such as P. oleovorans, composed of more closely related species.
The largest group, P. fluorescens, was composed of ten subgroups, nine of which were described previously (Gomila et al., 2015; Garrido-Sanz et al., 2016) . Type strains for two species (P. asplenii and P. fuscovaginae) that were assigned previously to the P. asplenii group (Gomila et al., 2015) clustered within the P. fluorescens group in our phylogenomic analysis, so we propose P. asplenii as a tenth subgroup within the P. fluorescens group. Within the P. fluorescens group, all but one of the type strains fell into the same subgroups where they were assigned previously by MLSA. P. agarici was placed in the P. asplenii subgroup in the phylogenomic analysis but appeared in the P. fluorescens subgroup in a previous analysis (Garrido-Sanz et al., 2016) . The phylogenomic analysis provided insight into the relationships of strains that were ambiguous based on the previous MLSA. Five species (P. citronellolis, P. jinjuensis, P. knackmussii, P. nitroreducens, P. panipatensis) were assigned previously to the P. nitroreducens group (GarridoSanz et al., 2016) but, in the phylogenomic analysis, these strains fell within the P. aeruginosa group (Fig. 2) . Therefore, they were assigned to the P. aeruginosa group, in agreement with the report of Gomila and colleagues (2015) . Garrido-Sanz and colleagues (2016) also defined the P. resinovorans group, which was a well-supported clade composed of two species (P. otitidis and P. resinovorans) in our analysis. P. luteola and P. duriflava are in a clade with the P. oryzihabitans in the phylogenomic analysis, in contrast to their placement within the P. pertucinogena group in a previous MLSA phylogeny (Gomila et al., 2015) . Type strains for four species (P. alcaligenes, P. caeni, P. indica and P. thermotolerans), which had been placed in the P. aeruginosa, P. anguilliseptica and P. stutzeri groups in a previous MLSA, were not associated definitively with any group in the phylogenomic analysis (Fig. 2) . It is likely that the phylogenetic relationships between these strains will be clarified as genomic sequences of more strains become available in the future.
Distribution of pyoverdine biosynthesis gene clusters in Pseudomonas spp
Within the genus Pseudomonas, certain species produce and secrete fluorescent pigments in the large and diverse pyoverdine class, which function as siderophores for iron acquisition by the bacterial cell (Visca et al., 2007; Cornelis, 2010) . Chemically, pyoverdines are composed of a dihydroxy-quinoline chromophore attached to a variable peptide chain that typically comprises 6-12 amino acids, and a dicarboxylic acid or its amide (Cezard et al., 2015) . (Gomila et al., 2015; Garrido-Sanz et al., 2016) . The P. linyingensis subgroup is proposed here based on these phylogenomic data. C. The presence (black box) or absence (white) of genes predicted to encode non-ribosomal peptide synthetases (NRPSs) for pyoverdine biosynthesis in the genome of each type strain was determined. A grey box designates genome sequences of insufficient quality to make a prediction. D. Genome size depicted on a scale varying from 3 to 7 Mbp. E. GC content of each genome depicted on a scale varying from 40% to 60% GC.
Both the chromophore and the peptide chain are synthesized by non-ribosomal peptide synthetases (NRPSs) (Visca et al., 2007; Gross and Loper, 2009; Cornelis, 2010) . The NRPS PvdL synthesizes the chromophore from 2,4-diaminobutyrate and tyrosine precursors. PvdL has four modules, an acyl-CoA ligase domain and three modules that activate and condense the amino acids glutamate, tyrosine and 2,4-diamino-butyric acid. No thioesterase is present at the C-terminus of PvdL, but a gene encoding a thioesterase is typically clustered with pvdL. The tripeptide product of PvdL serves as the precursor for a second NRPS, which adds up to 12 amino acids to the peptide chain. PvdL and the second NRPS can be linked or unlinked in the genomes of Pseudomonas spp. We evaluated the genomes of all type strains for the presence of the conserved PvdL and a second NRPS predicted to synthesize a peptide chain of five to twelve amino acids. 81 of the 166 genomes had the pyoverdine NRPSs, identified using those criteria.
Within the Pseudomonas type strains, the distribution of pyoverdine NRPSs were somewhat associated with phylogenetic groupings. None of the type strains within the P. pertucinogena, P. linyingensis, P. oryzihabitans, P. stutzeri, or P. anguiliseptica groups have the pyoverdine NRPSs. Most type strains of the P. putida, P. syringae and P. fluorescens groups had the pyoverdine NRPSs, although their presence could not be accurately assessed in genomes with poor sequence quality. Within the P. fluorescens group, the pyoverdine NRPSs were present in all type strains of certain subgroups-P. fluorescens, P. gessardii, P. chlororaphis, P. protegens and P. koreenis. In many groups and subgroups, however, the pyoverdine NRPSs are present in only a subset of the type strains. For example, the type strain of P. aeruginosa has a well-described pyoverdine biosynthesis, secretion and uptake cluster (Cornelis, 2010) , which is absent from the type strains of the most closely related species. Previous analysis of the pyoverdine gene cluster of P. aeruginosa strain PA01 showed that it exhibits unusual codon usage, which suggests a history of horizontal gene transfer (HGT) (Smith et al., 2005) . This HGT, coupled with extensive recombination and forces of diversifying selection, provides an explanation for the polyphyletic distribution of the pyoverdine gene cluster in the Pseudomonas spp.
An intriguing result from our analysis was the discovery that the putative pyoverdine NRPSs are present in an outgroup taxon used to root the phylogeny, Cellvibrio japonicus. Decades ago, a strain described as Cellvibrio gilvus was described to produce a pigment similar to pyoverdines (Love and Hulcher, 1964) but this strain was later described as a member of P. mildenbergii (Hulcher, 1982) . We have not discovered any further reports of pyoverdine biosynthesis by Cellvibrio species since the initial report (Love and Hulcher, 1964) . Of the three species of Cellvibrio used to root our phylogenetic tree, the pyoverdine NRPSs are present in only one genome, so it is clear that these genes are not conserved among all species of Cellvibrio. Nevertheless, the presence of the pyoverdine NRPSs in the C. japonicus genome is intriguing in showing that the capacity for biosynthesis of a pyoverdine-like compound may extend beyond Pseudomonas and Azotobacter.
In addition to the pyoverdine NRPSs, many other genes are involved in pyoverdine biosynthesis (i.e., modification of the peptide chain, maturation of the chromophore), secretion of the pyoverdine and uptake of the ferricpyoverdine complex (Gross and Loper, 2009; Cornelis, 2010) . Because our analysis considered only the NRPSs, it is likely that some strains having these genes do not produce pyoverdine due to the lack of other biosynthesis genes or mutations not detected in this study. Nevertheless, our analysis provides a view of the distribution of genes required for pyoverdine biosynthesis within a phylogenetic context of the genus. Although pyoverdine production itself, as well as the pyoverdine structure, have been considered to be traits of phylogenetic value in defining species of Pseudomonas (Meyer et al., 2007; Meyer, 2010) , our analysis substantiates earlier studies by showing that the genes encoding pyoverdine NPRSs have a complex evolutionary history involving HGT and possibly gene loss.
Synonymous species of Pseudomonas
We evaluated the 166 type strains for synonymous species using the Microbial Species Identifier (MSI) method (Varghese et al., 2015), which considers both the average nucleotide identity (ANI) and the fraction of orthologous genes [alignment fraction, (AF)] between genome pairs. Synonymous species were identified as those that meet or exceed a 96.5% ANI and an AF of 0.6. Virtually all type strains represent distinct species by this criterion but eight sets of synonymous species were identified (Fig. 2) . Of the eighteen species represented by the eight sets, all but 'P. pseudoalcaligenes' have standing in prokaryotic nomenclature currently (Euz eby, 2014). Nevertheless, the similarities of some of these sets (P. oryzihabitans and P. psychrotolerans; P. ficuserectae, P. meliae, P. savastanoi and P. amygdali) are recognized in the literature (Gardan et al., 1999; Saha et al., 2010; Gomila et al., 2017; Tran et al., 2017; Peix et al., 2018) . Of the four subspecies of P. chlororaphis included in our analysis, only the subspecies pair aureofaciens and aurantiaca exceed 96.5% ANI. All of the synonymous species identified through the Microbial Species Identifier method clustered together in the phylogenetic analysis, providing further indication of their close relationship to one another (Fig. 2) .
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The core genome of Pseudomonas spp 794 orthologous CDSs were present in the genomes of all Pseudomonas type strains in this study (Supporting Information Table S3 ). As such, the core genome composes only 11%-28% of the gene inventory of any type strain, highlighting the diversity of genus. This definition of the Pseudomonas core genome represents the most complete analysis of the genus to date. Nevertheless, we recognize that 794 CDSs is likely an underestimate of the core genome for these type strains, as errors in automated genome assembly and gene calling may cause true orthologues to be missed in a small number of species.
The core genomes of each group were calculated as orthologous protein-encoding genes found in all species within a Pseudomonas group, including the 794 CDSs conserved across the genus. The size of these core genomes vary from 1526 to 3724 CDSs (Table 2 ). In general, the more genomes and more phylogenetic diversity in a group, the smaller the core genome. As such, comparing core genome sizes across groups or studies can be tenuous. For example, our analysis identified 2663 CDSs conserved among seven type strains within the P. aeruginosa group. This core genome size is similar to that estimated by Mosquera-Rend on and colleagues (2016), who evaluated 181 genomes of P. aeruginosa, but approximately half the size of the core genome estimated in two other studies evaluating 12 or 17 strains of P. aeruginosa (Ozer et al., 2014; Valot et al., 2015) . We identified 2126 CDSs conserved among 17 type strains in the P. putida group, which is approximately two-thirds the size of the core genome estimated previously from analysis of nine strains of P. putida (Udaondo et al., 2016) . We identified 2006 CDSs conserved among 66 type strains in the P. fluorescens group, which is about 50% larger than the core genome size estimated in a previous analysis of 98 strains representing the group (Garrido-Sanz et al., 2016) . For the P. syringae group, we identified 2743 CDSs conserved among 13 type strains, which corresponds well with the core genome size (3397) estimated from a previous analysis of 19 genomes (Baltrus et al., 2011) . Both values are far smaller than the core genome size (343) estimated recently from an analysis of 127 genomes, including 14 type strains (Gomila et al., 2017) . Although comparisons across studies are confounded by differences in scope and methodology, it is clear that there is substantial genomic diversity within each of the 13 groups of Pseudomonas: even the smallest group, P. resinovorans, is composed of two strains sharing only about 60% of their genomes. No strains in the largest group, P. fluorescens, shared more than 45% of its genome with all other strains in the group.
Functional annotation of the 794 CDSs shared by all 166 genomes reflected that of a typical prokaryotic core genome with housekeeping gene categories predominating. The largest COG categories were transcription, ribosomal structure and biogenesis (COG category J) at 18% of the total core, and cell wall biogenesis (COG M) at 9% (Fig. 3A) . We also evaluated the distribution of COGs in group-specific core genomes, calculated as orthologous protein-encoding genes found in all species within a Pseudomonas group, excluding the 794 CDSs conserved across the genus. The relative distribution of functional categories for all group-specific core genomes was similar to one another (Supporting Information Fig. S1 ). Interestingly, COG categories corresponding to secondary metabolism (COG Q) and carbohydrate metabolism (COG G), which are physiological attributes commonly associated with Pseudomonas, comprise a relatively small fraction of the total Pseudomonas core genome (0.8% and 2.5% respectively) and the group-specific core genomes (Supporting Information Fig. S1 ). This finding is consistent with previous analyses concluding that these functions are commonly associated with the flexible genome, which can vary at the species and subspecies levels (Gross and Loper, 2009; Loper et al., 2012) .
A rarefaction curve of pangenome size as a function of genomes sampled was generated using 100 shuffling iterations of genome order (Supporting Information Fig. S2 ). Non-linear regression least squares fit of the power law distribution (r(# of genomes) g ) to the curve indicates the Pseudomonas pangenome is 'open' (c 5 0.5217), meaning that additional sampling of genomes of other Pseudomonas species will yield an increase in pangenome size (M eric et al., 2014) . The pangenome of Pseudomonas was estimated from the 166 type strains at 70 137 CDSs (Fig. 3B) , a value exceeding the core genome size by nearly 90-fold. The pangenomes for each of the 13 groups of Pseudomonas were also estimated, and ranged from 6114 to 47 655 CDSs among the groups (Table 2 ). The size of the group pangenome was correlated with the number of type strains considered in the analysis. The size of the pangenome of the P. fluorescens group, with 66 strains, is nearly three times the size of the next largest pangenome, that of the P. putida group with 17 genomes. The estimates of pangenome size for the groups generally correspond to previous estimates for the P. putida and P. syringae groups (Baltrus et al., 2011; Udaondo et al., 2016) , considering differences in the number of strains evaluated in each study.
Genomic diversity of Pseudomonas spp
To determine how well the genomes of the type strains represent the currently known genomic diversity of the genus, we considered 166 genomes of type strains (Table  1 ) and 1224 additional genomes of Pseudomonas spp. available in the US Department of Energy, Joint Genome Institute, Integrated Microbial Genome with Metagenome samples (IMG/M) system (Chen et al., 2017) . Also included were genomes from Azotobacter (10 strains) and Azomonas (one strain), two genera proposed to fall within Pseudomonas (Young and Park, 2007; € Ozen and Ussery, 2012) . To avoid spurious ANI calculation and orthologue alignments, only genome assemblies consisting of 300 scaffolds or less were considered in the analysis. Including the type strains, 1401 genomes were clustered using the MSI method described by Varghese and colleagues (2015) to determine genetic relatedness at the species level. In addition to the type strains for Pseudomonas spp. shown in Fig. 2 , the genome of the type strain for P. silesiensis (Kaminski et al., 2018) became available and was included in this analysis. 350 distinct clusters were identified, of which 157 contained at least one Pseudomonas type strain. Of the 193 clusters without a Pseudomonas type strain, three consisted only of Azotobacter spp., including the type strain of A. beijerinckii, and one represented the type strain of Azomonas agilis. The remaining 189 clusters potentially represent novel species of Pseudomonas. Of these, 125 were singletons consisting of only one strain of Pseudomonas and 64 are clusters of two or more strains, representing a total of 394 strains (Supporting Information  Table S4 ).
A phylogenetic tree was constructed with one representative of each of the 350 clusters ( Fig. 4 ; Supporting Information Fig. S3 ), which allowed placement of the clusters without a type strain within the 13 groups of Pseudomonas defined by analysis of the type strains. At least one cluster was added to 12 of the 13 groups. None of the clusters without type strains fell within the P. linyingensis group, indicating that the type strains represent well the known genomic diversity of that group. For four groups (P. fluorescens, P. putida, P. resinovorans and P. stutzeri) more than half of the clusters defined by the Microbial Species Identifier lack a type strain. In the P. putida group, for example, there are 53 clusters, of which 36 clusters (representing a total of 93 sequenced genomes) are distinct from the 17 type strains considered in this analysis. Of the 170 clusters in the P. fluorescens group, 105 clusters representing 201 genomes are distinct from the type strains representing this group. The phylogenomic analysis also reveals a new subgroup within the P. fluorescens group, composed of five genomes in four clusters (P. fluorescens HK44, Pseudomonas sp. URHB0015, Pseudomonas sp. OK602, Pseudomonas sp. OK272, P. fluorescens FW300-N2E3). Taken together, these results indicate that the currently-sequenced type species do not fully represent the phylogenetic diversity of Pseudomonas spp.
In addition, the data confirm previous reports that certain Azotobacter species fit into the genus Pseudomonas as currently defined (Rediers et al., 2004; Young and Park, 2007; € Ozen and Ussery, 2012) . Several genomes from strains of Azotobacter japonicus and Azotobacter Fig. 4 . Maximum likelihood phylogeny based on protein sequence alignments of 100 single-copy orthologous genes from 166 type strains of Pseudomonas, 189 additional strains selected to represent the known genomic diversity of Pseudomonas spp., three strains of Azotobacter spp., and one strain of Azomonas agilis. Three genomes of Cellvibrio spp. were included as an outgroup with the outgroup branch truncated to improve visualization of the overall tree topology. Colours designate groups of Pseudomonas spp. and subgroups within the P. fluorescens group. Outer circle: genomes of type strains for each species are indicated with a black box while unshaded spaces represent strains that are distinct from type strains and from one another. A single asterisk denotes the placement of Azomonas agilis. A double asterisk designates a clade composed of ten genomes of Azotobacter species. A triple asterisk designates a clade representing a new subgroup within the P. fluorescens group.
beijerinckii and Azotobacter chroococcum fall within a wellsupported clade in the tree (Fig. 4) . Due to low bootstrap support, we cannot identify the species or group of Pseudomonas that is most closely related to Azotobacter spp. from our analysis (Fig. 4) . It is clear, however, that Azotobacter spp. are not members of the P. aeruginosa group, as proposed earlier when far fewer genomic sequences were available for analysis (Rediers et al., 2004; Young and Park, 2007) . Azomonas agilis, another nitrogen-fixing species within the Pseudomonadaceae, is on a long branch positioned near the P. stutzeri group.
The analysis also highlighted existing errors in the assignment of species designations to many strains. For example, a strain designated as 'P. pseudoalcaligenes' is a member of the P. resinovorans group (Supporting Information Table S4 ), whereas 'P. pseudoalcaligenes' is synonymous with P. oleovorans (Saha et al., 2010) in the P. oleovorans group. Similarly, a strain designated as P. putida is a member of the P. jessenii subgroup of P. fluorescens, not a member of the P. putida group (Supporting Information Table S4 ). 300 strains are designated simply as Pseudomonas sp. Our results align with those from a recent study showing that many strains labelled as Pseudomonas were misidentified (Tran et al., 2017) . Finally, the phylogenomic analysis highlights the distinctness of certain type strains, such as P. hussainii JCM 19513 and P. caeni DSM 24390, which are the singular genomes present in well-supported monophyletic clades with large genetic distances separating them from even the most closely related strains ( Fig. 2 and Supporting Information Fig. S3 ). Further research is needed to reveal any related species and to determine the distribution and abundance of these species in the natural world.
Conclusions
The genomes of 166 type strains of Pseudomonas spp. were compared in this study, revealing tremendous variation in genome size, GC content, and gene content that is consistent with the known ecological and physiological diversity of the genus. The availability of genomic sequences for the vast majority of type strains of Pseudomonas spp. allowed us to generate a robust phylogeny for the genus. By applying the Microbial Species Identifier definition to 1401 Pseudomonas genomes available publicly, we identified 189 clusters of Pseudomonas spp. that are distinct from type strains included in this analysis. These results suggest that the currently named species represented by sequenced type strains do not fully represent the genomic diversity of the genus. The availability of genomic resources for type strains of Pseudomonas will be invaluable to future studies aiming to resolve the classification and phylogenetic relationships, identify new gene functions and phenotypes, and explore the ecological and metabolic potential of bacteria in this important genus.
Experimental procedures
Genomic sequencing of type strains of Pseudomonas spp 118 bacterial cultures of type strains for species or subspecies of Pseudomonas were obtained from ten different collections (Supporting Information Table S1 ). DNA was extracted using the Qiagen Blood & Cell Culture DNA Midi kit (Valencia, CA), a modified Qiagen DNeasy Blood & Tissue Kit, or the Macherey-Nagel DNA Tissue kits (Bethlehem, PA). The draft genomes were generated at the DOE Joint Genome Institute (JGI) using either the Pacific Biosciences (PacBio) sequencing technology (Eid et al., 2009) or Illumina technology (Bennett, 2004) . Pacbio SMRTbell TM libraries were constructed and sequenced on the PacBio RS platform. The raw reads were assembled using HGAP (version: 2.3.0 p5, protocol version 5 2.3.0 method 5 RS HGAP Assembly.3,smrtpipe. py v1.87.139483,) (Chin et al., 2013) . Illumina 300 bp insert standard shotgun libraries were constructed and sequenced using the Illumina HiSeq-2500 1TB platform. All raw Illumina sequence data were filtered using BBDuk (Bushnell, B. BBTools software package. URL http://sourceforge.net/projects/bbmap), which removes known Illumina artifacts and PhiX. Reads with more than one 'N', quality scores (before trimming) averaging less than eight, or reads shorter than 51 bp (after trimming) were discarded. Remaining reads were mapped to masked versions of human, cat and dog references using BBMAP (Bushnell, B. BBTools software package. URL http://sourceforge.net/projects/bbmap) and discarded if identity exceeded 93%. Sequence masking was performed with BBMask (Bushnell, B. BBTools software package. URL http://sourceforge.net/projects/bbmap). The following steps were then performed for assembly: (i) artifact filtered Illumina reads were assembled using Velvet (version 1.2.07) (Zerbino and Birney, 2008) ; (ii) 1-3 kbp simulated paired end reads were created from Velvet contigs using wgsim (version 0.3.0) (https://github.com/lh3/wgsim) and (iii) Illumina reads were assembled with simulated read pairs using Allpaths-LG (version r46652) (Gnerre et al., 2011) . The number of scaffolds, sequence coverage and assembly data for each genome are specified in Supporting Information Table S1 .
Phylogenomics
Inference of clusters of orthologous groups (COGs) was performed with OrthoFinder (version 1.1.5) (Emms and Kelly, 2015) on the genomes of 166 type strains of Pseudomonas spp. 668 gene families exclusively containing single copy genes present in at least 90% of Pseudomonas genomes were selected as potential phylogenetic markers. For each of these COGs, protein family alignments were built with MAFFT (version 7.294b) (Katoh and Standley, 2013) and phylogenetic trees were constructed with FastTreeMP (version 2.1.9 SSE3) (Price et al., 2010) . In addition, a species tree was inferred from a concatenated alignment of all 668 protein family alignments using FastTreeMP. To identify protein families that are the least affected by horizontal gene transfer, Robinson-Fould Phylogenomics of Pseudomonas spp 13 V C 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00(RF) distance were calculated between the species tree and each protein family tree using the ETE Toolkit (v3.0.0b35) (Huerta-Cepas et al., 2016) . The 100 single-copy protein families with shortest RF distances were selected as phylogenetic markers for downstream phylogenomic analyses (Supporting Information Table S5 ). For each of these phylogenetic markers, Hidden-Markov Models (HMMs) were built (HMMER 3.1b2 -hmmbuild, -a) (Eddy, 2011) . Protein family specific HMMs were then used to identify and extract phylogenetic markers from the larger set of Pseudomonas genomes in IMG/M (Chen et al., 2017) . Three outgroup taxa from the sister genus Cellvibrio were also included to define the root branch of the phylogeny. To generate the final phylogenetic trees, phylogenetic markers were aligned with MAFFT (version 7.294b) (Katoh and Standley, 2013) and subsequently trimmed with trimAl 1.4 (Capella-Guti errez et al., 2009), removing sites for which more than 90% of taxa contained a gap. Single protein alignments were then concatenated, resulting in alignments of 52 006 sites for the tree of type strains (Fig. 2) and 52 088 sites for the larger tree (Fig. 4) . Maximum likelihood phylogenies were inferred with ExaML (version 3.0) (Kozlov et al., 2015) using the per site rate (PSR) model and the LG substitution matrix (Le and Gascuel, 2008) and 500 non-parametric bootstraps. Phylogenetic tree visualization and annotation for publication was performed in the interactive tree of life (iTOL) web portal (Letunic and Bork, 2016) . HMMs for the selected 100 Pseudomonas panorthologs and phylogenetic trees including underlying sequence alignments, and a complete list of genome sequences used in this study can be obtained at https://bitbucket.org/berkeleylab/ pseudomonas-phylogenomics.
Pyoverdine NRPS analysis
Secondary metabolite gene clusters were identified using Antismash 3.0.5 (Weber et al., 2015) run on a local computer with default parameters and the 'knownclusterblast' flag. Genomes were binned for manual investigation by presence of a pyoverdine annotated cluster, presence of non-pyoverdine NRPS cluster, or absence of all NRPS clusters. The Antismash outputs for pyoverdine annotated clusters were visually inspected to verify the expected domain organization of functional pyoverdine biosythesis based on previously described pyoverdine annotations (Visca et al., 2007; Gross and Loper, 2009; Cornelis, 2010) . Genomes without an annotated pyoverdine cluster were checked to rule out misannotation of a pyoverdine NRPS.
Core genome and pangenome analysis
Orthologous proteins for all type strain genomes were identified with the software package proteinOrtho (Lechner et al., 2011) using thresholds of 30% identity at 50% coverage and allowing the output of genes found in only one genome (-singles option). The genus core genome was defined as those orthologous genes in which every member of the type strain contained at least one copy. Group-specific core genomes were generated by selecting the orthologues found in all members of the group, not including those orthologues defined in the genus core genome (Supporting Information Fig. S1 ). COG annotations for genus-level core genome orthologues were retrieved from the IMG/M portal using the P. aeruginosa DSM 50071 gene identifiers. COG annotations for group core genome orthologues were similarly retrieved from IMG/M using the IMG gene identifiers for the type species of the group. Distribution of COG categories for genus and group core genomes were visualized in Excel version 16 (Microsoft Corporation, Redmond, Washington) omitting orthologues for which no COG annotation was available. The pangenome accumulation curve was generated in R (R Core Team, 2017) using methods provided by M eric and colleagues (2014) . A non-linear regression model using the least-squares fit to the power law distribution was used to determine if the rarefaction curve of the pangenome is reaching a limit indicating an open or closed pangenome (M eric et al., 2014) .
Microbial species identifier method
1668 genomes of Pseudomonas spp. available in IMG were filtered to retain only 1224 genomes that have less than 300 scaffolds. This set of 1224 genomes along with the 166 genomes of type strains, ten genomes of Azotobacter spp., and one genome of Azomonas agilis composed a set of 1401 genomes analysed for genetic relatedness. Bidirectional pairwise ANI and AF were computed using the MSI method. Here, the nucleotide sequences of the predicted genes were used to compute the ANI and AF as described by Varghese and colleagues (2015) The pairs that displayed an ANI and AF greater than the thresholds of 96.5 and 0.6 respectively (Varghese et al., 2015) were retained and used for maximal clique enumeration that generated completely linked clusters. Those that did not exhibit the required ANI and AF to any other genome of the data set remained as singletons. Each singleton and one genome from each cluster were included in a phylogenomic analysis with the genomes of 166 type strains using the phylogenetic inference methods described above ( Fig. 4; Supporting Information Fig. S2 ).
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . The distribution of COGs in group-specific core genomes, calculated as orthologous genes found in all species within a Pseudomonas group, excluding the 794 genes conserved across the genus. Panel A represents percentages of each COG normalized to group-specific core genome size. Panel B reflects the count of each COG category for each core genome. COG categories are listed in the legend of Fig. 3 . Compared to the core genome of the genus, all group-specific core genomes have a smaller proportion of genes encoding functions associated with cell cycle control (COG D), translation, ribosomal structure and biogenesis (COG J), cell wall envelope and biogenesis (COG M), posttranslational modification and protein turnover (COG O), and replication, recombination and repair (COG L). Functional categories that are overrepresented in group-specific core genomes versus the core genome of the genus include: energy production and conversion (COG C), cell motility (COG N), and inorganic ion transport (COG P), as well as genes with poorly characterized functions (COGs R and S). Fig. S2 . Rarefaction curve of pangenome size as a function of genomes sampled, generated using 100 shuffling iterations of genome order. Non-linear regression least squares fit of the power law distribution (r(# of genomes) g ) to the curve indicates the Pseudomonas pangenome is 'open' (c 5 0.5217), and additional sampling of genomes of Pseudomonas spp. will yield an increase in pangenome size.
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V C 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00 Fig. S3 . Maximum likelihood phylogeny based on protein sequence alignments of 100 single-copy orthologous genes from 166 type strains of Pseudomonas species or subspecies (black font) 189 additional strains, which were selected to represent the known genomic diversity of Pseudomonas (blue font), three strains of Azotobacter spp., and one strain of Azomonas agilis. Three genomes of Cellvibrio spp. were included as an outgroup on a truncated branch. Colours designate groups of Pseudomonas spp. and subgroups within the P. fluorescens group. A. Type strains for each species are indicated with a black box whereas white spaces represent strains that are distinct from type strains and from one another. Numbers (black font) designate the number of Pseudomonas genomes currently available in IMG/G that are clustered with the strain included in this tree, as determined by hierarchical cluster analysis based on ANI. Clusters containing a single genome are not numbered. B. Cluster numbers. A complete list of the strains in each cluster is in Supporting Information Table S4 . Table S1 . Characteristics of genomes from type strains of Pseudomonas species or subspecies sequenced in this study. Table S2 . Groups and subgroups of type strains of Pseudomonas spp. included in this study. Table S3 . Genes of Pseudomonas aeruginosa PAO1 representing the core genome of Pseudomonas spp. Table S4 . Clusters of 1401 genomes placed in groups and subgroups of Pseudomonas. Table S5 . Orthologues used to construct phylogenetic tree. 
